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Telomerase Accelerates Osteogenesis of Bone Marrow Stromal Stem Cells
by Upregulation of CBFA1, Osterix, and Osteocalcin

STAN GRONTHOS,!* SHAOQIONG CHEN,?> CUN-YU WANG,? PAMELA G ROBEY,'
and SONGTAO SHI'

ABSTRACT

Telomerase activity can prevent telomere shortening and replicative senescence in human somatic cells. We
and others have previously demonstrated that forced expression of telomerase in human bone marrow stromal
stem cells (BMSSCs) was able to extend their life-span and enhance their bone-forming capability, without
inducing malignant transformation. In this study, we determined that telomerase was able to accelerate
calcium accumulation of human BMSSCs under osteogenic inductive conditions. Similarly, xenogeneic
transplantation of telomerase-expressing BMSSCs (BMSSC-Ts) yielded ectopic bone formation at 2 weeks
post-transplantation, 2—4 weeks earlier than typically seen with BMSSCs transfected with empty vector
(BMSSC-Cs). Low-density DNA array analysis revealed that telomerase activity increases the expression of
G1 regulating genes including cyclin D3, cyclin E1, E2F-4, and DP2, associated with hyperphosphorylation of
retinoblastoma (pRb), leading to the extended proliferative capacity of BMSSC-Ts. Importantly, BMSSC-T
transplants showed a higher number of human osteogenic cells at 8 weeks post transplantation compared with
the BMSSC-C transplants, coupled with a significantly increased osteogenic capacity. One possible mechanism
leading to accelerated osteogenesis by BMSSC-Ts may be attributed, at least in part, to the upregulation of the
important osteogenic genes such as CBFAI, osterix, and osteocalcin in vitro. Taken together, these findings
show that telomerase can accelerate cell cycle progression from G1-to-S phase and enhance osteogenic
differentiation of BMSSCs, because of the upregulation of CBFA1, osterix, and osteocalcin. (J Bone Miner Res
2003;18:716-722)
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INTRODUCTION extending the cell lifespan by either an increase in net
telomeric length®'® or stabilization of telomeres."*
Bone marrow stromal stem cells (BMSSCs) have been

defined as multipotential adult stem cells, capable of differ-

ELOMERASE IS A CELLULAR ribonucleoprotein reverse
transcriptase (RT) responsible for elongation of the telo-

mere and preventing the gradual loss of sequence from
chromosome ends to avoid replicative senescence in
vitro."» Most adult human somatic cells seem to lack
telomerase activity, whereas highly proliferative germline
cells, hematopoietic stem cells, and many cancer cells seem
to retain detectable levels of telomerase activity.*™'? Ec-
topic expression of the human telomerase catalytic compo-
nent, hTERT, in telomerase-negative cells is capable of
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entiating into a variety of cell types such as osteoblasts,
chondrocytes, adipocytes, muscle cells, and neural
cells.!'*!15'9 Recently, our group and others reported that
human adult BMSSCs and osteoblasts propagated in vitro
contained no detectable levels of telomerase activity.!'’~'
After forced ectopic expression of telomerase, the life-span
of BMSSCs was significantly increased and proliferative
capacity was extended in vitro, coupled with an enhanced
capacity for bone formation in vivo.!'”'® While the precise
mechanisms leading to improved bone formation by
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BMSSC-Ts had yet to be defined, telomerase activity
seemed to maintain a larger pool of osteoprogenitors as
measured by a significant increase in the population of cells
expressing the preosteogenic marker, STRO-1. In this
study, we provide evidence to support the notion that te-
lomerase is not only extending the lifespan of osteogenic
cells but also accelerating osteogenic differentiation of
BMSSCs, caused by enhanced cell cycle progression from
G1-to-S phase as well as the upregulation of bone-forming
associated genes CBFAI, osterix, and osteocalcin.

MATERIALS AND METHODS
Cell culture

BMSSCs, processed from marrow aspirates of normal
human adult volunteers (20-35 years of age), were pur-
chased from Poietic Technologies (Gaithersburg, MD,
USA) and were washed in growth medium. Isolation and
purification of the BMSSC population was achieved by
indirect immunofluorescence activated cell sorting based on
their expression of the STRO-1 antigen using a FACSTAR
(Becton Dickinson, Sunnyvale, CA, USA) flow cytometer
as previously described."'”” STRO-1 positive cells were
seeded into 6-well plates (Costar, Cambridge, MA, USA)
with a-modified Eagle’s medium supplemented with 15%
FCS, 100 uM vr-ascorbic acid 2-phosphate, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 wg/ml strepto-
mycin at 37°C in 5% CO,. BMSSCs were infected with
retroviruses expressing hTERT or empty control vector for
6 h. Forty-eight hours after infection, cells were selected
with puromycin (1 wg/ml) for 10 days, and the resistant
clones were pooled and confirmed as telomerase positive
BMSSCs (BMSSC-Ts) by telomeric repeat amplification
protocol (TRAP) and Western blot.'” Conditions for the
induction of calcium accumulation in vitro were as reported
previously,*” and recombinant human bone morphogenetic
protein 4 (BMP-4; R&D systems, Minneapolis, MN, USA)
was used to induce osteogenic differentiation.

Assessment of calcium accumulation

Calcium accumulation was detected histologically by
treatment with 2% Alizarin red S (pH 4.2). The calcium
concentration was measured using a commercially available
kit (Sigma Calcium Kit #587-A; Sigma, St. Louis, MO,
USA) according to the manufacturer’s protocol.

DNA array

Cellcycle-2 GEArray filters from Superarray Inc. (Fred-
erick, MD, USA; www.superarray.com) were hybridized
with *?P-dCTP labeled RT products of BMSSC-Ts and
BMSSC-Cs, according to the manufacturer’s protocol. Im-
ageQuant (NIH, Bethesda, MD, USA) software was used to
analyze density of images.

Semiquantitative RT-polymerase chain reaction

Total RNA was prepared from BMSSCs cultured under
various conditions, using RNA STAT-60 (TEL-TEST Inc.,
Friendswood, TX, USA). First-strand cDNA synthesis was
performed with a first-strand cDNA synthesis kit (Life
Technologies, Rockville, MD, USA) using an oligo-dT
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primer. First-strand cDNA (2 wl) was diluted in a 50-ul
polymerase chain reaction (PCR) reaction of 1X PCR re-
action buffer: 1.5 mM MgCl,, 200 uM each dNTP, 0.2 U of
AmpliTaqg DNA polymerase (Perkin-Elmer Inc., Norwalk,
CT, USA), and 10 pmol of each human primer set: core-
binding factor, runt domain, « subunit 1 (CBFAI) sense,
5'-CAGTTCCCAAGCATTTCATCC-3'; antisense, 5'-TCA-
ATATGGTCGCCAAACAG-3’ (Genbank accession number:
140992, 443 bp); osterix sense, 5'-GCAGCTAGAAGG-
GAGTGGTG-3'; antisense, 5'-GCAGGCAGGTGAAC-
TTCTTC-3" (Genbank accession number: XM_062600,
359 bp); osteocalcin sense, 5'-CATGAGAGCCCTCACA-
3’; antisense, 5'-AGAGCGACACCCTAGAC-3’" (Genbank
accession number: X53698, 310 bp); GAPDH sense, 5'-
AGCCGCATCTTCTTTTGCGTC-3'; antisense, 5'-TCA-
TATTTGGCAGGTTTTTCT-3' (Genbank accession number:
M33197, 816 bp). The reactions were incubated in a PCR
Express Hybaid thermal cycler (Hybaid, Franklin, MA, USA)
at 94°C for 2 minutes for 1 cycle then 94°C/(45 s), 56°C/(45 s),
72°C/(60 s) for 35 cycles, with a final 10-minute extension at
72°C. After amplification, 10 ul of each reaction was analyzed
by 1.5% agarose gel electrophoresis and visualized by
ethidium bromide staining. Digital images of each gel were
used to quantify the intensities of the bands with the corre-
sponding GAPDH control using ImageQuant software.

Western blot

Lysates prepared from cells were separated on 4—-20% Tris-
glycine SDS-PAGE gels (Novex, San Diego, CA, USA). The
proteins were then transferred onto BA-S 85 nitrocellulose
membranes (Schleicher & Schuell, Keene, NH, USA) and
blocked for 3 h at room temperature in 3% (wt/vol) bovine
serum albumin (BSA) and 3% normal goat serum. Rabbit
anti-human CBFA1 antibody (Oncogene Research Product,
Cambridge, MA, USA), HSP 90 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), rabbit anti-osteocalcin (Larry
Fisher, NIDCR/National Institutes of Health, Bethesda, MD,
USA), and mouse anti-human retinoblatoma protein (BD Bio-
sciences, Palo Alto, CA, USA) were added directly to the
blocking solution (1/1000 dilution except CBFA1, 1:50 dilu-
tion) for 1 h at room temperature. Filters were washed and
incubated with a 1:50,000 dilution of goat-anti rabbit IgG
(goat-anti-mouse IgG for retinoblastoma protein) conjugated to
horseradish peroxidase (HRP; Kirkegaard & Perry Laborato-
ries Inc., Gaithesburg, MD, USA) for 1 h at room temperature.
After immunolabeling, the membranes were washed and re-
acted with Super Signal chemiluminescence HRP substrate
(Pierce Chemical Co., Rockford, IL, USA) according to the
manufacturer’s recommendations and then analyzed using
Kodak X-Omat film (Eastman Kodak, Rochester, NY, USA).

Transplantation of BMSSCs into immunocompromised
mice

Approximately 4.0 X 10° BMSSCs were mixed with 40
mg of hydroxyapatite/tricalcium phosphate (HA/TCP) ce-
ramic powder (Zimmer Inc., Warsaw, IN, USA) and trans-
planted subcutaneously into the dorsal surface of 10-week-
old immunocompromised beige mice (National Institutes of
Health-bg-nu-xid; Harlan Sprague-Dawley, Indianapolis,
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Low density cDNA array analysis. (A) SuperArray Human Cellcycle-2 GEArray filters were used to compare the profile of BMSSC-Cs

and BMSSC-Ts at 20 population doublings. More detailed information about these genes and other genes listed in the filter can be found on the
SuperArray website (www.SuperArray.com). It was found that cell cycle genes were upregulated in BMSSC-Ts, including cyclin D3, cyclin E1,
E2F-4, and DP2 (triangles and underline). (B) The quantitative analysis of the low-density DNA array results (ImageQuant software) show that
the levels of differentially expressed cyclin D3, cyclin E1, E2F-4, and DP2 between BMSSC-Ts and BMSSC-Cs are statistically significant. Error
bars show the mean = SE (n = 4; **p < 0.01 and *p < 0.05) between BMSSC-Cs and BMSSC-Ts as determined by Student’s #-test. (C) Western
blot showed an increased hyperphosphorylated form of Rb (ppRB) expression in BMSSC-Ts compared with BMSSC-Cs.

IN, USA) as previously described.?” These procedures
were performed in accordance to specifications of an ap-
proved small animal protocol (NIDCR 00-113). The trans-
plants were recovered at 8 weeks post-transplantation, fixed
with 4% formalin, and either decalcified with buffered 10%
EDTA (pH 8.0) for paraffin embedding or stored in 70%
ethanol for plastic embedding. Paraffin sections were depar-
affinized, hydrated, and stained with hematoxylin and eosin
(H&E). Plastic sections were processed with H&E and Von
Kossa staining (Pathology Associates, Frederick, MD,
USA). For quantitation of new bone formation in vivo,
Scion Image (Scion Corp., Frederick, MD, USA) was used
to calculate five representative areas at 5X magnification
from either BMSSC-T transplants or BMSSC-C transplants.

Human alu in situ hybridization

Human specific alu sequence labeled with digoxigenin
was used as probe for in situ hybridization. The probe was
prepared by PCR containing 1X PCR buffer (Perkin Elmer),
0.1 mM dATP, 0.1 mM dCTP, 0.1 mM dGTP, 0.065 mM
dTTP, 0.035 mM digoxigenin-11-dUTP (Boehringer Man-
ning Corp. Indianapolis, IN, USA), and 10 pmol of specific
primers, and 100 ng of human or mouse genomic DNA was
used as templates. Primers for human alu (sense, 5'-
TGGCTCACGCCTGTAATCC-3’, and antisense, 5'-
TTTTTTGAGACGGAGTCTCGC-3"; Genbank accession
number: AC004024) were created. The specificity of probe
was verified by DNA sequencing. The sections, deparaffinized
with xylene and ethanol, and 4% formalin fixed chamber slides
containing cultured cells were immersed in 0.2N HCI at room
temperature for 7 minutes and then incubated in 1 mg/ml
pepsin in 0.01N HCI at 37°C for 10 minutes. After washing in
PBS, the sections were treated with 0.25% acetic acid contain-
ing 0.1 M triethanolamine (pH 8.0) for 10 minutes and prehy-
bridized with 50% deionized formamide containing 4X SSC at
37°C for 15 minutes. The sections were then hybridized with
heat-denatured 1 wg/ul digoxigenin-labeled alu probe in hy-
bridization buffer (1X Denhardt’s solution, 5% dextran sulfate,

0.2 mg/ml salmon sperm DNA, 4X SSC, 50% deionized
formamide) at 42°C for 3 h. After washing with 2X SSC and
0.1X SSC, digoxigenin-labeled alu was detected by immuno-
histochemical staining using alkaline phosphatase conjugated
anti-digoxigen Fab fragments (Boehringer Mannheim, India-
napolis, IN, USA).

RESULTS
Cell proliferation

To find potential candidate genes that may be involved in
the telomerase-associated extended proliferation rate of
BMSSCs, SuperArray human Cellcycle-2 GEArray filters
were used to compare gene expression profiles between
BMSSC-Ts and BMSSC-Cs. The hybridization experiments
were repeated four times to validate the reliability of the
array results. The detailed information about the genes in the
Cellcycle-2 GEArray filter are listed at www.superarray.com.
The results indicated that several G1 regulating genes such
as cyclin D3, cyclin E1, E2F-4, and DP2 were concurrently
upregulated in BMSSC-Ts compared with BMSSC-Cs
(Figs. 1A and 1B). These data imply that the increased
proliferation potential and survival of BMSSC-Ts may be
regulated through cyclin D3, cyclin E1, E2F-4, and DP2 to
promote transition from G1-to-S phase during the cell cycle.
It is very possible that these G1 cell cycle genes may be
linked to inactivation of retinoblastoma (pRb) by hyper-
phosphorylation, leading to S-phase commitment at the G1
checkpoint of the cell cycle. Thus, we determined the level
of the hyperphosphorylated form RB (ppRB) in BMSSC-Ts
and confirmed that Rb is indeed hyperphosphorylated in
BMSSC-Ts compared with BMSSC-Cs in subconfluent cul-
tures (Fig. 1C). The cell cycle genes recorded in the
Cellcycle-2 GEArray filter without showing any signifi-
cant difference in expression between BMSSC-Ts and
BMSSC-Cs include CDK2, CDK4, CDK®6, cyclin C, cyclin
D2, DPI1, E2F, E2F-5, p107, p130 (RB2), p19"** p2 1"
p275P1 p55°dc. p575P2 PCNA, RB, skipl, and skip2.
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FIG. 2. Osteogenic differentiation of BMSSC-Ts in vitro. (A) Under osteogenic induction by L-ascorbate-2-phosphate, dexamethasone, and
inorganic phosphate for 4 weeks, CBFAIl and osteocalcin (OCN) were upregulated in both BMSSC-Ts (BMSSC-T/+) and BMSSC-Cs
(BMSSC-C/+) compared with their control counterparts (BMSSC-T/— and BMSSC-C/—) by Western blot analysis. Under the noninductive
regular culture conditions, BMSSC-Ts (BMSSC-T/—) show a higher level expression of CBFA1 and OCN than BMSSC-Cs (BMSSC-C/—). (B)
Human recombinant BMP-4 treatment (300 ng/ml, — for control and + for the BMP-4 treatment) was able to induce significant upregulation of
CBFAL1, Osterix (OSX), and OCN in both BMSSC-Cs (1 vs. 2) and BMSSC-Ts (3 vs. 4) by semiquantitative PCR (¥*p < 0.05). The telomerase
transfection was also capable of inducing a significant increased expression of CBFA, OSX, and OCN in both BMP-4 treated (2 vs. 4) and control
groups (1 vs. 3) (}p < 0.05). The values are the mean* SE from four experiments, and the significant difference between BMP4 treatment vs.
regular culture condition (*p < 0.05) and telomerase transfected BMSSC-Ts vs. control BMSSC-Cs (*p < 0.05) were analyzed by two-way

ANOVA.

Osteogenic commitment of BMSSCs

To gain further insight into potential mechanisms of
telomerase-induced acceleration of osteogenesis, we exam-
ined the expression pattern of bone-specific genes such as
CBFAI, osterix, and osteocalcin. We have previously
shown that BMSSC-Ts display a higher level of the preos-
teogenic marker, STRO-1. In the present study, BMSSC-Ts
demonstrated an increased basal level expression of CBFA1
and osteocalcin over BMSSC-Cs by Western blot analysis
(Fig. 2A). Similarly, BMSSC-Ts exhibited higher levels of
CBFAL1 and osteocalcin over BMSSC-Cs when cultured
under osteogenic differentiation medium (Fig. 2A). These
results were subsequently confirmed by RT-PCR after stim-
ulation of the cells with human recombinant BMP-4, a
potent inducer of osteogenesis. It was found that both
BMSSC-Ts and BMSSC-Cs exhibited upregulation of
CBFALl, osterix, and osteocalcin after stimulation of BMP-4
(Fig. 2B, RT-PCR). However, as a consequence of forced
telomerase activity, BMSSC-Ts acquired higher basal levels
of CBFAL, osterix, and osteocalcin (Figs. 2A and 2B). This
may be associated with the accelerated osteogenic differen-
tiation potential of BMSSC-Ts by various osteogenic induc-
tions.

Osteogenic differentiation

To determine the functional role of telomerase during
osteogenesis, we examined osteogenic differentiation po-
tential of telomerase-expressing BMSSCs (BMSSC-Ts)
both in vitro and in vivo. BMSSCs typically begin to
accumulate calcium after 4 weeks of induction by osteo-
genic differentiation medium.®? However, BMSSC-Ts
were found to accumulate significant amounts of calcium
after only 2 weeks of osteoinduction in vitro (Fig. 3D). This
was in contrast to control BMSSCs (BMSSC-Cs), which

predictably took over 4 weeks to accumulate equivalent
amounts of calcium (Fig. 3C). Moreover, BMSSC-Ts accu-
mulated more calcium at all time points examined compared
with the BMSSC-Cs (p < 0.01; Figs. 3A-3G). The osteo-
genic capacity of BMSSC-Ts was then examined in vivo by
subcutaneous transplantation into immunocompromised
mice using HA/TCP as a carrier vehicle. Consistent with the
in vitro results, BMSSC-Ts began to generate human bone
as early as 2 weeks post-transplantation and generated sig-
nificantly more bone at 4 and 6 weeks post-transplantation
compared with BMSSC-Cs (Figs. 4A—4F). Semiquantita-
tive image analysis demonstrated that BMSSC-Ts generated
at least six times more bone than their matched BMSSC-Cs
from 2 to 6 weeks post-transplantation (p < 0.01; Fig. 4G).

The osteogenic capacity of BMSSCs in vivo generally
depends on the number of cells that are capable of differ-
entiating into osteoblasts. Thus, the number of BMSSC-Ts
at 8 weeks post-transplantation was examined using human
specific alu DNA in situ hybridization and human specific
GAPDH RT-PCR amplification. We observed that
BMSSC-T transplants contained a greater number of viable
human cells than control BMSSC-C transplants (Figs. SA
and 5B). These cells were represented in the transplants as
osteocytes and bone lining osteoblasts as well as some of
the components comprising the surrounding connective tis-
sues. In addition, human specific GAPDH PCR products of
BMSSC-T transplants showed a higher density band than
BMSSC-C transplants using equivalent amount of RNA as
template (Fig. 5C), confirming that more BMSSC-Ts sur-
vived in vivo after 8 weeks of transplantation.

DISCUSSION

Based on accumulated experimental data from this and
other studies, it is believed that the in vivo BMSSC trans-
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FIG. 3. Accelerated calcium accumulation in cultured BMSSC-Ts. (A—C) Alizarin red staining in control BMSSCs (BMSSC-C) and (D-F)
telomerase-expressing BMSSCs (BMSSC-T). BMSSC-Cs and BMSSC-Ts at 20 population doublings were cultured with L-ascorbate-2-
phosphate, dexamethasone, and inorganic phosphate for (A and D) 2 weeks, (B and E) 3 weeks, and (C and F) 4 weeks. (G) Accordingly, matrix
calcium levels released by acid treatment in BMSSC-Cs (C) and BMSSC-Ts (T) were also measured. Error bars show the mean = SE (n = 4;
*#p < 0.01) between BMSSC-Ts and BMSSC-Cs as determined by Student’s #-test.
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FIG. 4. Histology of BMSSC-C and BMSSC-T transplants. Cross-section of (A—C) BMSSC-C transplant and (D-F) BMSSC-T transplant after
(A and D) 2 weeks, (B and E) 4 weeks, and (C and F) 6 weeks stained with Hematoxylin and Eosin. At 2 weeks post-transplantation, BMSSC-C
transplants show connective tissues (CT) around HA/TCP carrier (HA), without any sign of bone formation (A). Initiation of bone formation was
found on the surfaces of the HA/TCP carrier (HA) at 4 weeks post-transplantation of BMSSC-Cs (arrows in B) and 2 weeks post-transplantation
of BMSSC-Ts (arrows in D), respectively. BMSSC-Ts generated significantly higher amounts of bone at 4 and 6 weeks post-transplantation
(arrows in E and F) compared with the BMSSC-C transplants at the same time points (arrows in B and C). The Scion (G) Image analysis was
used to quantitate amounts of bone formation in BMSSC-C (C) and BMSSC-T (T) transplants at each time point. Error bars show the mean *
SE (n = 5; **p < 0.01) between BMSSC-Cs and BMSSC-Ts as determined by Student’s 7-test. There was no statistic analysis applied for
comparing bone formation at 2 weeks post-transplantation because BMSSC-Cs failed to generate any bone at this time point.

plantation system is a reliable assay to study the osteogenic
differentiation, leading to lamellar bone formation and my-
elopoietic supportive elements formation."'®*!?** How-
ever, the BMSSC transplantation system cannot exactly
mimic the processes of bone formation that occur during
development in which a three-dimensional bone organ is
gradually formed from woven bone templates to a structure
containing trabecular and compact bone. To generate bone
and its associated marrow elements in vivo, bone marrow
stromal cells have to survive the ex vivo expansion and in
vivo conditions such as subcutaneous microenvironment,

where the nutritional supply is initially some what limiting
before vascular invasion of the transplants. Time course
experiments have revealed that the majority of transplanted
cells do not survive the first few weeks after transplantation
(S. Shi et al., unpublished observations, 2003). Surviving
human BMSSCs have to develop an osteoid that serves as a
template for mineralization over the HA/TCP carrier sur-
faces. The appearance of new bone is associated with a
gradual build up of hematopoietic marrow elements of host
origin surrounded by the ectopic bone. Hence, the host
microenvironment may directly interact with transplanted
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FIG. 5. Detection of human BMSSC after 8 weeks post-transplantation. (A and B) Representative areas of human alu in situ hybridization for
BMSSC-C and BMSSC-T transplants, respectively. Bone (B) was generated on the surfaces of HA/TCP carriers (HA) and human cells (black
staining of nuclei) either differentiated into bone forming cells (arrows) or residing in the interstitial connective tissue (CT). There were more
human cells detected in (B) BMSSC-T transplant than (A) BMSSC-C transplants. (C) RT-PCR showed a higher level expression of human specific

GAPDH transcript in BMSSC-Ts (TERT) than BMSSC-Cs (CONT).

BMSSCs to modulate their survival and osteogenic differ-
entiation, but the underlying molecular mechanisms have
remained elusive.

Telomerase is not an oncogene product, such that its
presence permits proliferation but does not cause a uncon-
trolled proliferation or immortalization.®> Our previous
studies have identified that BMSSC-Ts undergo normal
apoptosis either induced through the death-receptor path-
way (CD95) or through the mitochondrial pathway, and
more importantly, they show no sign of malignant transfor-
mation in vivo."” In accordance with control BMSSCs,
BMSSC-Ts can generate bone/marrow elements, indicating
that BMSSC-Ts are capable of interacting with host micro-
environment to maintain tissue homeostasis.

BMSSC-Ts were capable of maintaining their prolifera-
tion rate until late passages of PD 40 in vitro,"'” which may
be associated with the increased expression of G1 regulators
of cell cycle genes including cyclin D3, cyclin E1, E2F-4,
and DP2. This result suggests that activation of telomerase
in BMSSC-Ts may trigger internal signals that contribute to
maintenance of the proliferative capability of BMSSC-Ts
over time. The mechanism of how these cell cycle genes
regulate proliferation and differentiation of BMSSCs are
largely unknown. However, evidence suggests that G1 cell
cycle genes may provide important cues in the proliferative
process and survival of BMSSC-Ts. Progression from G1-
to-S phase of the cell cycle is regulated by two protein
families: the cyclins and the cyclin-dependent protein ki-
nases (CDKs). Two classes of cyclins operate during the G1
phase: D-type cyclins and cyclin E.®® D-cyclins associate
with the activation of CDK4/CDK6,?” and cyclin E asso-
ciates with activation of CDK2.?%*? The activated CDK
complexes are responsible for the hyperphosphorylation of
the retinoblastoma gene (pRb), thereby antagonizing its cell
cycle inhibitory properties and allowing the passage of the
cells through the cycle in late G1.°® On the other hand, the
major cellular target of pRb is the E2F family of transcrip-
tion factors.*'*? Through its interaction with E2F and its
heterodimeric partners, DP1 and DP2, pRb regulates genes
involved in the control of cell proliferation and apoptosis.**—>
When pRb is hyperphosphorylated by the CDK complex,
“free” E2F will be released and thereby activate genes
required for DNA synthesis.®%” Thus, our study revealed

that upregulation of cyclin D3, cyclin E1, E2F-4, and DP2
in BMSSC-Ts resulted in the cell cycle progression from
G1-to-S phase by inhibition of hypophosphorylated pRb,
leading to the increased proliferative and survival capabil-
ities of BMSSC-Ts. Importantly, our findings suggest that
BMSSC-Ts are capable of maintaining enhanced but normal
tissue development when transplanted in vivo. Collectively
these studies indicate that BMSSC-Ts have a vastly greater
potential than control BMSSCs as a practical application for
in vivo bone regeneration.

Previous studies demonstrated that ectopic expression of
telomerase could increase the osteogenic capacity of
BMSSCs and correlated with a significant elevation in num-
ber of cells expressing the cell surface antigen, STRO-1, an
early marker of osteogenic precursor cells."” In the present
study, we found that human BMSSC-Ts also displayed an
accelerated capacity for osteogenic differentiation both in
vitro and in vivo. Interestingly, BMSSC-Ts consistently
exhibited high expression levels for the osteoblastic associ-
ated markers, CBFA1, osterix, and osteocalcin. It is gener-
ally believed that osteogenic differentiation of BMSSCs is
associated with a decrease in cell proliferation. Therefore, it
is possible that telomerase may influence the balance be-
tween proliferation and differentiation, leading to an in-
creased osteogenic potential by as yet unknown mecha-
nisms. CBFA1 is a transcription factor that has been
described as an important master regulatory gene control-
ling early osteogenesis. This molecule acts through the
activation or regulation of several downstream bone-
associated genes such as osterix, alkaline phosphatase, and
osteocalcin to promote later stages of osteogenic differen-
tiation and subsequent matrix mineralization.**=*® More-
over, CBFAL is capable of interacting with other important
signal molecules such as SMAD3 to regulate osteogenesis
in vivo.“!'*? Recently, it was clearly identified that osterix
is a critical transcription factor activated downstream of
CBFAL1 to control osteoblast differentiation in all endochon-
dral and membranous bones in mice.“” The exact roles of
alkaline phosphatase and osteocalcin during bone formation
remains to be determined; their expression generally signi-
fies a heightened capacity of cells to develop a mineralized
extracellular matrix. However, the mechanisms by which
telomerase promotes the expression of CBFA1 and thus
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other genes such as osterix and osteocalcin in BMSSCs
requires further investigation. Nevertheless, we hypothesize
that an increase in STRO-1 positive osteogenic precursor
cells as well as the upregulation of CBFAI, osterix, and
osteocalcin may be responsible for the accelerated and
enhanced osteogenic capacity of BMSSC-Ts.
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